INTRODUCTION
To be successful pathogens, many organisms have developed the capacity to vary phenotype not only by a strict developmental cycle, but also by spontaneously generating variants within infecting populations whose phenotypes appear to have evolved primarily to escape threatening environmental changes such as the development of immunity by the host. Procaryotes like Salmonella typhimurium (38) , Borrelia hermsii (9) , and Neisseria gonorrhoeae (125) and eucaryotes like Trypanosoma brucei (29) (38) , changes cannot compromise function. Second, because these organisms persist as pathogens, variant offspring will continue to be challenged by the same environmental changes and therefore must retain the capacity for phenotypic variability. There- fore, switching must be reversible or relatively unlimited in the repertoire of variability. Third, changes must occur spontaneously and at relatively high frequency to assure rapid enough enrichment after an environmental change. For many of these high-frequency variability systems, either a precise molecular mechanism has been elucidated (e.g., S. typhimurium [38] ) or a general notion of mechanism has been formulated (e.g., B. hernsii [9] , N. gonorrhoeae [125] , and 183 T. brucei [29] ) at the level of DNA reorganization (13, 17, 98) .
The fungal pathogen Candida albicans is also capable of high-frequency, reversible phenotypic switching (82, 94, 101, 102, 108, 110, 111, 116) . Cells emanating from a single progenitor are capable of expressing very different general phenotypes reflected by an assortment of variant colony morphologies, and they are capable of passing on their variant phenotypes to their progeny in a heritable fashion. These variant progeny appear at frequencies well above that of point mutation and are in turn capable of generating progeny with different phenotypes or with the phenotype of the original progenitor. As is the case in other switching systems (9, 29, 38, 125) , switching in C. albicans can affect antigenicity in a reversible fashion (1, 2, 4, 34) , but it can also affect many other aspects of cellular physiology and morphology, including a number of putative virulence traits (110, 111) . Switching has been demonstrated to occur at sites of infection (116) and to occur between recurrent episodes of infection in select cases (113) . It has been assumed, although not definitively demonstrated, that switching in Candida spp. plays a role similar to that in other infectious microorganisms. It has also been assumed, based on the paradigm generated from other switching pathogens (17) , that the mechanism of switching in C. albicans involves reversible genetic rearrangement, although no direct evidence exists to support this assumption. In the discussion that follows, the switching process in C. albicans will be reviewed, with special emphasis placed on gene regulation, the phenotypic consequences of switching, possible molecular mechanisms that may be involved in the switch event, and the role of switching in pathogenesis.
DIMORPHISM AND SWITCHING C. albicans and related species are dimorphic, capable of growing in the predominant budding form or in a specialized hyphal form (77, 105) . Although relatively little is known about the regulatory events involved in the bud-hypha transition, its characteristics are quite different from switching, and a careful distinction must be made, at least conceptually, between the two forms of phenotypic variability. In the budding form, C. albicans is very much like diploid Saccharomyces cerevisiae (12, 42, 107, 112) . However, correct environmental cues will stimulate a mature Candida cell in the budding form to generate an elongate daughter cell, which then grows in a hyphal form (77, 105) . The hypha has a tubular morphology which includes a linear sequence of unseparated elongate cellular compartments, each with a nucleus, and with little or no constriction at the sites of septation. Intermediate pseudohyphal forms also occur with a continuum of compartment curvature from the ellipsoidal bud shape to the tubular hyphal shape. Pseudohypha formation depends on both the strain and environmental conditions (70, 77) . Hyphal growth differs from bud growth in a number of subtle ways, including the position of the transient filament ring (117) , the dynamics of general and apical wall expansion zones (115, 121) , ionic currents (122) , cell separation, and gene expression (18, 32, 66) . The elongating hypha appears to play a fundamental role in effective tissue penetration (104) . The reversible bud-hypha transition represents the basic phenotypic transition in C. albicans and related species, and mass conversion from one phenotype to the other can be effected by a number of environmental manipulations including temperature (7, 21) , pH (21, 31) , and the composition of the supporting medium (10, 58, 67, 99, 126) .
Switching, on the other hand, occurs spontaneously, at frequencies above that of point mutation but usually far below that of mass conversion (14, 87, 101, 109, 111) . Switching usually is discriminated by colony morphology and in some cases by the phenotype of cells in the budding phase (1, 2, 4, 102, 111) . More importantly, cells expressing different switch phenotypes in a single strain are usually still capable of undergoing the bud-hypha transition, although the environmental constraints on the transition may differ between switch phenotypes (1) . Therefore, the bud-hypha transition represents reversible cellular differentiation that can be rapidly induced en masse by simple environmental manipulation. High-frequency switching, on the other hand, is usually spontaneous. It does not occur en masse, even after environmental stimulation (there is one exception to this; see references 14, 87, and 102 ), and appears to represent a more general variability system occurring spontaneously at lower frequency and superimposed on the basic bud-hypha transition. In the case of the bud-hypha transition, all cells in a single population will express alternative phenotypes under alternative environmental conditions. In the case of switching, a small number of (19) . He found that morphological differences in streaks were the result of differences in the proportions of buds, hyphae, and pseudohyphae, as well as the result of variations in pseudohyphal phenotype. Brown-Thomsen examined more than 300 strains of C. albicans and identified 15 different morphological forms. Variants were obtained by examining plates stored at room temperature over a 6-month period. A few of these variants differed from parent strains in their capacities to assimilate specific sugars and to reduce tetrazolium salts. Although Brown-Thomsen did not measure the frequency of variant formation, or the frequencies of reversion and interconversion, he was taken by the limited number of morphologies in the variant repertoire of each strain. Brown-Thomsen's study of variability (19) and Mackinnon's study of dissociation (64) received only marginal attention in the 1970s (e.g., see reference 127) and were totally neglected in the early 1980s.
HIGH-FREQUENCY SWITCHING: REDISCOVERY In 1985, two reports of reversible high-frequency switching in C. albicans rekindled interest in the potential for phenotypic variability other than the bud-hypha transition. Pomes et al. (82) demonstrated that, in strain 1001, UV irradiation gave rise to rough segregants. They found that a low dose of UV which killed roughly 13% of the cell population increased the frequency of rough colonies from < 10' (0 of 12,000 colonies screened) to 3 x 10-3 (6 of 1,982 colonies). The spontaneous frequency of smooth colonies generated by the rough variant 1001FR was <9 x 10-' (0 of 1,136 colonies screened), but the spontaneous frequency of sectored colonies was 3.5 x 10-3 (4 of 1,136 colonies).
In another report in 1985, Slutsky et al. (101) reported that the common laboratory strain 3153A was capable of highfrequency reversible switching. They discriminated several characteristics of switching in strain 3153A which have since been demonstrated for switching systems in other strains (102) . When cells of the standard laboratory strain 3153A were clonally plated on an amino acid-rich agar (59) that was limiting for zinc (11) and then incubated at 25°C, the predominant colony phenotype was "smooth" (Fig. 1A) . However, variant colonies appeared spontaneously at a frequency of 1.4 x 10-4 (7 of 50,500 colonies screened) and included several variant phenotypes: "star" (Fig. 1B) , "ring" (Fig. 1C) , and "irregular wrinkle" (Fig. 1D ). When cells of strain 3153A were irradiated with low doses of UV light, which killed 8% of the population, variant colonies appeared at a combined frequency of 2.5 x 10-2 (136 of 5,600 colonies), and the repertoire of switch phenotypes expanded from the original three to include "stipple" (Fig.  1E ), "hat" (Fig. 1F) , and "fuzzy" (Fig. 1G ). When cells from a single colony of any variant were plated, the majority maintained their original variant phenotype, demonstrating heritability, but a significant minority exhibited other switch phenotypes, including the original smooth morphology (Fig.  1H) . Figure 2A illustrates diagrammatically the minimum frequencies of switching between phenotypes in strain 3153A. Examples of a switch from ring to star, star to ring, star to irregular wrinkle, ring to irregular wrinkle, and ring to smooth are presented in Fig. 2B to F, respectively. Sectoring was also evident (Fig. 3A and B of variants in the 3153A switching repertoire were in a high-frequency mode of switching. Some smooth revertants mimicked the colony phenotype of the parent strain but were still in a high-frequency mode of switching, while other revertants exhibited both the original smooth phenotype and the lower spontaneous switching frequency characteristic of the parent strain. The studies by Pomes et al. (82) and Slutsky et al. (101) demonstrate that UV stimulates switch-VOL. 5, 1992 on October 27, 2017 by guest http://cmr.asm.org/ Downloaded from ing and that switching is reversible at relatively high frequency. In addition, the study by Slutsky et al. (101) demonstrates that there can be more than two phenotypes in a switching repertoire, that there is interconvertibility (switching from one variant phenotype to another) as well as reversibility, and that there are different frequencies of switching, which in some cases are characteristic of particular colony phenotypes.
ZINC AND COLONY PHENOTYPE IN STRAIN 3153A Before realizing that strain 3153A possessed a high-frequency, reversible switching system, Bedell and Soll (11) reported that a variant of strain 3153A, M10, was aberrant in hypha induction. When the parental wild-type strain entered the stationary phase in liquid medium, cells accumulated as unbudded singlets, homogeneous in size and blocked in Gl of the cell cycle. In contrast, when M10 cells entered the stationary phase in the same medium, more than 50% formed hyphae. Hypha formation in this case was inhibited when the concentration of zinc in the original medium was increased 10-fold (11) . M10 proved to be the star phenotype (Fig. 1B) in the 3153A switching repertoire, resolvable on agar containing the defined nutrient composition of the amino acid-rich medium of Lee et al. (59) supplemented with arginine and a limiting concentration of zinc (11) . If the concentration of zinc in this agar medium was increased 10-fold, the star phenotype was suppressed, and the star variant formed smooth colonies. However, if cells from these high-zinc plates were once again plated on low-zinc plates, they expressed the star phenotype, demonstrating that zinc suppressed expression of the star phenotype but did not alter the star "genotype" of the cells.
This point is extremely important in the investigation of switching in new strains since it shows that a switch phenotype is not a fixed state, but rather is the way in which a particular variant generates a colony in a specific environment after a particular period of time. Switch phenotypes of strain 3153A were assessed in the original study of Slutsky et al. (101) after 7 days at 24°C on zinc-limited, defined nutrient agar. In many cases, the phenotype of a colony changed with prolonged incubation (e.g., in excess of 7 days) or when incubated at another temperature. Media like yeast-peptone D-dextrose agar [8] ), used in many yeast studies, are rich in zinc and suppress expression of particular colony phenotypes, but they may not affect the switching mechanism (78) . Therefore, when a strain is described as a low-frequency "switcher" or a "nonswitcher," one must assess whether the strain was analyzed on an agar which properly allowed expression of the switch phenotypes. (112) . Riggsby et al. (86) confirmed this interpretation by demonstrating that DNA-DNA hybridization kinetics were consistent with diploidy, and Whelan and colleagues (129, 131) (116) , and strains isolated from the blood of bone marrow transplant patients (102, 119) . When large numbers of cells from each strain were clonally plated on agar, the majority of strains exhibited high-frequency reversible switching, but surprisingly, the repertoire of variant colony phenotypes differed between strains on the same zinc-limiting, amino acid-rich agar used to characterize switching in strain 3153A (101) . It soon became clear from these studies that there were several switching systems which differ in the repertoire of switch phenotypes (variant colony morphologies) and that each strain appeared to be capable of expressing only one of these systems. A switching system that included a predominant transition between a relatively unmyceliated colony and a colony surrounded by a massive halo of mycelia in the agar was found to be common in vaginal strains (116) . Another switching system included a predominant transition between normal-size and petite colonies (98 gave rise to a minority of colonies of the opposite phenotype (see Fig. 4B for an example of an opaque to white switch) as well as to an irregularly wrinkled phenotype (Fig. 4E , F, and G), a "medusa" phenotype ( Fig. 4H, I , and J), and a "fried egg" phenotype ( Fig. 4K 34, 600) , to colonies with either the medusa or the fried-egg phenotype; and 0.89% (308 of 34,600), to sectored colonies. These results demon-VOL. 5, 1992 on October 27, 2017 by guest http://cmr.asm.org/ Downloaded from strated that this strain, subsequently named WO-1 for whiteopaque 1, possessed a switching system dominated by a phase transition between a white and opaque colony-forming phenotype, with three additional minor phenotypes in its switching repertoire. As in the case of the 3153A switching system, the white-opaque transition is perfectly reversible (4) and the different variant phenotypes are interconvertible.
The white-opaque transition is an extremely stable and manageable switching system. Unlike the switching systems involving complex patterning in the colony dome (e.g., the system in strain 3153A), the white and opaque colony morphologies are easily distinguishable even after short periods of incubation on many different nutrient agars, and the different cell types can be differentially stained in the colony by a number of different vital dyes including fast green, methylene red, bismuth indicator medium (87) , and phloxine B (4).
Measuring the Frequency of Switching
In the first studies of C. albicans switching published in the mid-1980s (82, 101, 102) , data on the frequency of variant colony formation were presented, but these data must not be construed as measurements of rates of switching. In these original experiments, cells from either a parental or a variant colony were clonally plated, and the resulting colonies with the original and alternative phenotypes, or sectors, were counted. These measurements provided only the proportions of cells in the original colony that gave rise to other phenotypes in the switching repertoire. Such a measure is affected by (i) differential rates of switching, (ii) differential rates of reversion or interconversion, (iii) differential viability in the colony dome, (iv) differential rates of cell division, and (v) differential rates of spreading on agar by the different switch phenotypes. To (14) subsequently demonstrated the same minimum 5-h induction period when individual white cells were incubated on agar at 37°C and switching was assessed at the cellular level.
In addition to UV and temperature, colony age also appears to affect switching. When white colonies are incubated for >10 days on defined nutrient agar containing phloxine B to visualize sectoring, there is a definite increase in the number of opaque sectors at a colony periphery (111) . However, it has not been determined in this case whether the increase in sectors at the colony periphery is due to an increase in switching frequency or to the differential rate of growth of opaque cells at the colony periphery. Wrapping a dish with Parafilm also stimulates sectoring at the white colony periphery (111) . Finally, Kolotila and Diamond (55) have demonstrated that neutrophils and oxidants such as H202 stimulate switching in the white to opaque direction, an observation that will be returned to when the role of switching in pathogenesis is considered.
Effects on Cellular Morphology
The variant colony phenotypes in the switching repertoires of strains 3153A and 1001 are due at least in part to the proportion and distribution of budding cells, hyphae, pseudohyphae, and branched hyphae in the colony dome (82, 101) . However, in the white-opaque transition, the difference between the white and the opaque colony phenotype is due to a most unusual difference in the basic phenotype of the budding cell (102) . Budding white cells are round to slightly ellipsoidal (Fig. 5A) , and the budding pattern is similar to that of other standard strains of C. albicans (12, 105, 112) and diploid strains of Saccharomyces cerevisiae (33) . In marked contrast, budding opaque cells are elongate and bean shaped, with one end sometimes blunt and wider than the other (Fig. 5B) . The pattern of budding is altered in opaque cells, with new daughter cells forming usually eccentrically at one end, and in many cases in a bipolar fashion (Fig. 5C ). In addition to a budding opaque cell population exhibiting very different shapes, its mean cell volume is 114 ,um3 and the average roundness measurement (width divided by length) is 0.6, while the mean cell volume of a budding white cell population is 33 ,m3 and the average roundness measurement is 0.9 (4,102). The dry weight of budding opaque cells is also roughly twice that of budding white cells (102 Fig. 9) . Therefore, the difference in size and shape between budding white and opaque cells are not the result of a change in ploidy.
Perhaps the most extraordinary difference in cellular phenotypes was observed when the surface of white and opaque cells were compared by scanning electron microscopy (1, 2, 4) . The surface of budding white cells was relatively smooth (Fig. 5D ), like that of other C. albicans strains, but the surface of opaque cells exhibited a unique punctate morphology ( Fig. SE to H) which, as far as we are aware, has never before been observed in yeast cells. The surfaces of mature opaque cells possess pimples with pits from which blebs frequently emerge (Fig. SE to H (4) .
The presence of "pimples" in the budding opaque cell wall was also demonstrated by transmission electron microscopy (TEM) (2) . Cross sections of the white cell wall (Fig.  6A ) are similar to those of other budding strains of C.
albicans. No indication of pimpling is evident. In contrast, cross sections of the opaque cell wall (Fig. 6B) contain pimple structures, in some cases with channels traversing the pimple wall and in many cases with membrane-bound vesicles emerging from the pimple apex (Fig. SI, J, and K) .
The mean diameter of emerging vesicles was computed from TEMs of three different cells to be 146 nm (+ 16.5 [standard deviation]) (2). In rare instances, flask-shaped vesicles were observed just under pimple structures (Fig. SL) .
In addition to the difference in wall morphology, TEM comparisons also demonstrated a difference in cytoplasmic morphology. TEM profiles of budding white cells (Fig. 6A) were indistinguishable from those previously published for other strains of C. albicans (16, 49) and Saccharomyces cerevisiae (22) . However, profiles of budding opaque cells contained giant vacuoles with spaghettilike material filling the vacuole interior (Fig. 6B) . The giant vacuoles in opaque cells were initially misinterpreted as expanded cell nuclei (82) . However, it was subsequently demonstrated that these vacuoles pressed the remaining cytoplasm and other organelles, including the real cell nucleus, into a cytoplasmic cortex, and that the spaghettilike material in the vacuole probably represented vesicles which had collapsed during fixation (2) . The function of fungal vacuoles is extraordinarily complex (54) , and the significance of an expanded vacuole with resident vesicles in opaque cells is as much a mystery as the function of the wall pimples.
Relationship between Hypha Formation and the White-Opaque Transition
As noted above, switching affects the environmental constraints on the bud-hypha transition in strains 3153A and 1001 (82, 101) , and the same is true for strain WO-1 (4). However, there is reason to believe that hypha-specific functions and hypha-specific gene expression may also play a direct role in the genesis of the unique opaque cell phenotype. To begin with, Anderson and Soll (3) first demonstrated that the pattern of actin granule distribution differed between growing buds and growing hyphae in strain 3153A. In expanding buds, actin granules are distributed evenly throughout the cortex, while in elongating hyphae, actin granules are localized in the apex. Anderson and Soll (4) subsequently demonstrated that the pattern of actin granule distribution is budlike during early expansion of an opaque bud and then hyphalike during later expansion. These results suggest that, in the genesis of a mature budding opaque bud, budding and hypha-forming mechanisms function in temporal sequence (111) . As we shall see later in this review, select hyphal genes may indeed be expressed in budding opaque cells. However, opaque cells do make bona fide hyphae even though the constraints on the bud-hypha transition differ markedly from those for white cells (1). (1) .
Hypha formation also appears to play a fundamental role in the transition from the white to the opaque cell phenotype. To describe the white to opaque and opaque to white transitions at the cellular level, Bergen et al. (14) separated large numbers of individual opaque and white cells on agar and then followed their early budding patterns as they proliferated into microcolonies. When opaque cells gave rise to white daughter cells at 24°C, the transition was direct. An elongate opaque cell gave rise directly to an ellipsoidal white cell. In contrast, when white cells gave rise to opaque cells, a pseudohyphal or hyphalike transition phenotype was first generated by the white cell, and these transition cells then gave rise to morphologically legitimate opaque cells. These results suggest that, in the switch from white to opaque, hypha-specific genes may be transiently recruited in the phenotypic transition.
Antigenic Variability
As noted in the introduction, most of the switching systems which have been uncovered in infectious microorganisms involve antigenic variability at the cell surface (9, 13, 17, 29, 38, 92, 125) , and the white-opaque transition in C. albicans WO-1 is no exception (2, 4) . When a rabbit antiserum generated against opaque cell extract was used to stain the surfaces of cells fixed but still impermeable to antibody, the antiserum stained the surfaces of budding white cells (Fig. 7A) , hypha-forming white cells (Fig. 7B) , budding opaque cells (Fig. 7C) , and hypha-forming opaque cells, demonstrating that opaque cells contain one or more antigens common to the surfaces of buds and hyphae in both the white and the opaque phases (1, 4) . When this antiserum was absorbed with nonpermeabilized budding white cells, the absorbed antiserum was no longer capable of staining the surfaces of nonpermeabilized white budding cells or white budding cells giving rise to hyphae, but it was still capable of staining the surfaces of white hyphae (Fig. 7D) and budding opaque cells, demonstrating that the surfaces of opaque cells also contain one or more hyphal antigens (1, 4) . When this antiserum was finally absorbed with nonpermeabilized white hypha-forming cells, the absorbed antiserum was still capable of staining opaque cells and did so in a punctate fashion (Fig. 7E and F) , demonstrating that an opaque-specific antigen was present on the opaque cell surface and that this antigen was localized in a punctate fashion similar to the pimple pattern discerned by scanning electron microscopy and TEM.
When the original anti-opaque serum was absorbed with nonpermeabilized budding white cells and used to stain Western blots (immunoblots) of budding white and budding opaque whole-cell extracts, three major antigens were found to be opaque specific (2) (Fig. 7K2) . The molecular masses of the three antigens were estimated to be 14,500, 21,000, and 31,000 daltons. To determine which of the three opaquespecific antigens was located on the cell, the antiserum was also absorbed with nonpermeabilized opaque cells, rendering it noninteractive with the opaque cell surface (Fig. 7G  and H ). This absorbed antiserum was used to stain a Western blot containing budding white and budding opaque whole-cell extracts (Fig. 7K3) . Only antibodies to the 14.5-kDa antigen were removed (Fig. 7K3) , demonstrating that only the 14.5-kDa opaque-specific antigen is localized on the opaque cell surface. To demonstrate that the 14.5-kDa antigen is localized in pimples, Anderson et al. (2) first treated nonpermeabilized budding opaque cells with antiopaque serum which had been absorbed with budding white cells and then treated the opaque cells with goat anti-rabbit serum conjugated to colloidal gold. When these cells were processed for TEM, immunogold was found localized exclusively at pimple apices ( Fig. 7I and J) , demonstrating that the opaque-specific 14.5-kDa antigen is localized in the apex of the unique opaque wall pimple (2), although not excluding the possibility of intracellular localization as well.
GENE REGULATION AND SWITCHING
The identification of opaque-specific antigens (1, 2, 4) suggested that switching in C. albicans involves differential gene expression, and a number of recent studies, both indirect and direct, support this conclusion. A switch from white to opaque in strain WO-1 results in the loss of the capacity to assimilate four sugars, and a switch from opaque to white reestablishes this capacity (109) , suggesting that switching may have a dramatic effect on gene regulation. When mid-log-phase cultures of budding cells from the white and opaque phenotypes of strain WO-1 were pulse-labeled with [3 S]methionine and polypeptides were extracted and separated by two-dimensional polyacrylamide gel electrophoresis, 5 of more than 200 labeled and reproducibly resolvable polypeptides differed between the two phenotypes (111) . Two were specific to the opaque phase, one was specific to the white phase, and two changed isoelectric focusing points between the two phases (111). Unfortunately, two-dimensional-polyacrylamide gel electrophoresis is by no means a definitive test of differential gene expression, since (i) only the most abundantly synthesized and/or stable polypeptides are resolvable and (ii) differential synthesis in many cases cannot be distinguished from differential posttranslational modification.
A more definitive proof that differential gene expression occurs in the white-opaque transition has been established with the cloning of cDNAs for messengers which are phase specific. Morrow defined liquid medium (Fig. 8) . It was also not transcribed during hypha formation in white cell cultures (Fig. 8) (24) . These results also underscore the need to distinguish between genes involved in the actual switch event and genes regulated by the switch event.
MECHANISM OF SWITCHING
A number of general characteristics have been determined for C. albicans switching, including (i) very high frequencies, (ii) heritability, (iii) reversibility and interconvertibility, (iv) environmental stimulants (e.g., UV and temperature), and (v) high and low modes of switching (14, 82, 87, 101, 102, 110, 111) . Unfortunately, none of these characteristics provides clues to the actual mechanism. In a first attempt to obtain some insights into the switching mechanism, Southern blots of EcoRI-digested DNA of C. albicans were probed with the mating-type locus Mata (52) and the transposable element Ty of Saccharomyces cerevisiae (15) . The rationale for this was the observed homology between a number of C. albicans and Saccharomyces cerevisiae genes (56) . Indeed, cloning of the majority of C. albicans genes to date has been accomplished through Saccharomyces cerevisiae mutant rescue (56) . Therefore, it was hypothesized that C. albicans may have recruited a variability system already demonstrated in Saccharomyces cerevisiae to accomplish highfrequency switching in its evolution to a pathogenic state. However, no homologous sequences were observed even at low stringency to either Mata or Ty (109) . In a second approach, moderately repetitive genomic sequences were cloned and tested for reversible reorganization correlating with phenotypic switching. Scherer (93, 95) . Reorganization of the Ca3, or 27A, sequences were observed at reasonable frequencies (95) , but these changes did not correlate with rapid phenotypic switching (95, 113) . A second moderately repetitive sequence, Ca, was found to be subtelomeric (93) and highly recombinational in some strains (93, 116) , but again genomic rearrangements of the Ca7 sequences did not correlate with phenotypic switching.
It is clear from the results thus far accumulated on switching in C. albicans that, whatever the mechanism, it is most likely reversible, in a fashion similar to the conservative phase transitions in S. typhymurium (38) and Escherichia ccli (38) and mating-type switching in Saccharomyces cerevisiae (52) . Indeed, switching has been followed in strain WO-1 through more than 50 sequential transitions between white and opaque with no noticeable effect on subsequent switching frequencies, colony morphology, or cellular phenotype. Rustchenko-Bulgac et al. (91) (124) concluded that the parent strain was near-triploid and that SRT-1 was near-tetraploid. Pulse field gel electrophoresis suggested differences in banding patterns both between the parent and SRT mutant and between different revertant smooth strains. Again, these results suggest that chromosomal rearrangements occur frequently in C. albicans and seem to be associated in a random fashion with morphological variants and revertants, but they fail to provide a cause-effect relationship. A standard transverse alternating field electrophoresis gel is presented in Fig. 9A for a white-opaque-white-opaque switching sequence, and a second gel with expanded lanes run for a longer period for higher resolution is presented in Fig. 9B for a white-opaque sequence. Both gels possess a lane with separated Saccharomyces cerevisiae chromosomes for reference. No changes in karyotype are evident in the C. albicans lineages.
What, then, is the mechanism for switching in C. albicans? All of the switching mechanisms in pathogenic organisms which have been elucidated involve genomic rearrangements (13, 17, 98 uncovered associated genomic rearrangement, and Southern blots of white and opaque DNA digested with 14 different endonucleases and probed with the opaque-specific Op27a cDNA demonstrated atbsolutely no polymorphism (73a). It therefore seems more prudent at this point in the search for a mechanism to identify genes involved in the actual switch event. Goshorn and Scherer (39) fused cells of strain 655, a high-frequency switcher with a wrinkled colony morphology on yeast-peptone D-dextrose agar, with cells of stains 1006 and 981, smooth strains with apparently low switching frequency on yeast-peptone D-dextrose agar. They found fusants with the origihal wrinkled 655 phenotype, with the original smooth 1006 phenotype, and with an altered wrinkled phenotype. They also obtained fusants with "mixed" phenotype, an unstable phenotype producing both smooth and wrinkled colonies. They concluded from these experiments that the wrinkled phenotype is recessive to smooth because they obtained only one 655-type wrinkled phenotype out of 34 fusants, While the rhajority of fusants fell into the mixed category of high-frequency switchers (39) . However, if Goshorn and Scherer had combined wrinkled and altered wrinkled (intermediate) phenotypes into one category, they may not have made this conclusion since the number of fuSants in the combined category would have been greater than the category of smooth phenotypes. Scherer and Magee (94) subsequently used these data to conclude that switching was recessive, but in fact half of all fusants (17 of 34) were placed in a mixed category of strains producing wrinkled and smooth colonies at high frequency. Although Goshorn and Scherer (39) suggest that the mixed phenotype is the result of selective chromosome loss, it is just as reasonable to conclude that fusion may have in fact stimulated switching. Subsequent plating experiments atid genetic analysis of the different phenotypes generated in mixed strains which would have distinguished between these alternatives were not performed. However, experiments by Chu and Magee were described in a review by Scherer and Magee (94) in which fusants obtained from strain WO-1 and stable strains (i.e., unrelated strains which appeared to be low-frequency switchers on zinc-containing yeast extractpeptone-dextrose medium) were stable and did not generate opaque colonies and heat shock-induced loss of chromosomes resulted in the return of the white-opaque transition.
These results suggest that strains with stable phenotypes on yeast extract-peptone-dextrose medium contain a gene which represses either the white-opaque transition (the ability to switch) or the expression of the opaque phenotype. The gene necessary for expression of the opaque phenotype and the URA3 gene appear linked, and repressor function has been excluded from chromosome 3, which contains the URA3 gene (94) . Finally, Gil et al. (37) identified three morphological mutant phenotypes which were suppressed in fusions with wild-type strains. These three sets of fusion experiments represent the first published attempts to identify genes involved in phenotypic switching, but the results of such experiments must be interpreted with some caution. First, definition of a "nonswitching" strain can be suspect if switching has been assessed on agar high in zinc, as discussed in a previous section. Second, many of the fusion experiments have, been performed with genetically different strainis, so controls are essential in which a switching strain with the same genetic background as the nonswitching strain is used as a fusant partner to the switching strain being analyzed. Finally, it should be kept in mind that there is very likely a difference between the switch event and the capacity to express switch phenotypes. Mutations or suppression of either would give rise to the same incapacity to express a particular switch phenotype.
Although most speculation on the mechanism of the switch event still focuses on reversible genomic rearrangements, epigenetic mechanisms must also be considered (108) . Sonneborn first demonstrated that the complex asymmetric pattern of ciliary rows on Pardmecium was sometimes altered by aberrant cytokinesis and that these alterations were heritable even though no changes had occurred in the micronucleus (120) . Such a non-nuclear, hereditary change appears to depend on the role of an established pattern in the genesis of a subsequent pattern during duplication of ciliates. Since yeasts do not possess the complex cortical organization of protozoans, it seems unlikely that cortical inheritance plays a major role in yeast morphogenesis or that this form of heritable change provides a model for switching. A more applicable epigenetic model may be found in heterochromatization. In female mammalian embryos, heterochromatization of one of the two X chromosomes occurs randomly, and this random decision remains fixed through subsequent cell divisions (62) . Recently, heritable epigenetic changes have been demonstrated in Saccharomyces cerevisiae (81) . The SIR (silent information regulator) genes in Saccharomyces cerevisiae are involved in establishing the silent state and the SIR2, -3, and -4 genes are involved in maintaining the silent state (81) . The mutation sirl-1 identified the SIRI gene and was found to be leaky (88) . The sirl-i mutation resulted in a cell population genotypically homogeneous but phenotypically heterogeneous for the repression of HMLct, the silent locus for mating-type a. By single-cell analysis, it was demonstrated that alternative phenotypes persisted through multiple generations, demonstrating heritability of the alternative epigenetic states (81) . The probability of a switch from the derepressed to tepressed state has been estimated to be roughly 4 x l0-3 per cell division, or once per 250 cell divisions (81) . It has also been demonstrated that the SIR2 gene is involved in the suppression of recombination both for the silent mating-type loci and between ribosomal genes (40, 53) . Perhaps the most relevant observations involving epigenetic states and the SIR genes in Saccharomyces cerevisiae were recently reported by Gottschling and coworkers (5, 41) . They found that, when the ADE2, URA3, TRPI, or HIS3 gene was VOL. 5, 1992 on October 27, 2017 by guest http://cmr.asm.org/ Downloaded from placed close to a telomeric region, transcription was repressed, but expression switched between repressed and expressed states, and these states were heritable through mitosis. When clonal colonies were stained for expression of the ADE2 gene, sectoring was observed (5, 41) . Therefore, genetically equivalent cells expressed alternative and heritable phenotypes. These positional effects were found to be dependent on functional SIR2, -3, and -4 genes. It has been suggested that silencing results from heterochromatization (5, 41, 81) , and this provides a very interesting and testable model for the white-opaque or the unmyceliated-heavily myceliated transition in C. albicans. In this model, a regulatory gene is positioned next to a heterochromatic region which can exist in two alternative states, a silencing state and a relaxed state. Transition between the two states results in the deactivation-activation of the associated regulatory gene, which in turn leads to repression or expression of a set of phenotype-specific genes (e.g., opaque-specific genes).
EFFECTS OF SWITCHING ON PUTATIVE
VIRULENCE TRAITS C. albicans is an extremely successful pathogen, but it has long been realized that no single phenotypic trait is solely responsible for pathogenesis (76) . The phenotypic characteristics which have been considered putative virulence traits include the capacity to form a hypha for dissemination in tissue (104) , excretion of acid protease (57, 63, 90) and phospholipase (84) for tissue penetration, selective adhesion to both epithelium (23, 69) and plastic (68) , and responsiveness to complement (45, 60) and perhaps female hormones (61, 83) . Other characteristics which may enhance the pathogenic potential of C. albicans include the capacity to suppress the immune system (28), drug resistance (26, 27, 128) , and the capacity to live as a commensal in several body locations of healthy individuals (76, 114) . High-frequency phenotypic switching has been demonstrated to affect many of these traits in a reversible fashion.
Hypha Formation
As noted, the differences in colony morphology between the switch phenotypes of C. albicans 3153A and 1001 result from differences in the proportions of buds, hyphae, and pseudohyphae in the colony domes (82, 101) , suggesting that the environmental constraints or cues for the bud-hypha transition differ between the different switch phenotypes. Anderson et al. (1) demonstrated that opaque cells differed from white cells in strain WO-1 in not readily forming hyphae in suspension cultures under the regimen of pHregulated dimorphism. Opaque cells did, however, form hyphae en masse when anchored to the wall of a perfusion chamber or to a monolayer of human epithelial cells. In some switching systems, particular switch phenotypes were characterized by perfuse hypha formation. The fuzzy phenotype in strain 3153A (101) and the medusa and fried-egg phenotypes in strain WO-1 (102, 111) were characterized by perfuse mycelium formation, and the major phenotypic transition in 40% of vaginitis strains was between a weakly myceliated and a heavily myceliated CFU (116) .
Acid Protease Secretion C. albicans secretes an aspartyl proteinase which is believed to be involved in tissue penetration. In two studies, it was demonstrated that variants which secreted less proteinase were less virulent in models (57, 63) . There have also been a number of studies in which correlations between the in vitro level of acid protease activity and strain pathogenesis have been made (20, 36, 85) , but as Odds points out in a careful review of the subject (76) , there is also one study which demonstrates no correlation (75) and a study suggesting that, at least in the oral cavity, the pH of saliva would substantially reduce protease activity (35) . This ambiguity seems to surface in virulence studies related to almost every putative virulence factor for C. albicans pathogenesis, and it therefore seems reasonable to suggest that virulence of C. albicans is multifaceted; therefore, no single characteristic is exclusively requisite (77) . In the white-opaque transition, transcription of the excreted acid proteinase gene is under the regulation of switching (73a). This is true for not only transcription of the gene, but also excretion of the enzyme. Serum proteins in the supporting growth medium have been demonstrated to stimulate excretion in the white phase, but the stimulated level is still 10-fold less than than in uninduced opaque cells, suggesting that maximal expression of the excreted acid protease gene may be primarily under the regulation of switching. Dutton and Penn (30) also demonstrated that a switching variant obtained after passage through a mouse differed from the parent strain in the level of excreted acid protease activity. It is therefore possible that the variation observed between strains for acid proteinase excretion is in part a reflection of the switch phenotype expressed at the time a strain is tested.
Adhesion to Epithelium and Plastic Selective adhesion to the epithelium of the oral cavity and vaginal canal have long been considered virulence traits of C. albicans and related species (23, 69) , and adhesion to plastic probably represents one route of invasion in catheterized patients (68). Kennedy et al. (51) found that adhesion to epithelium and cohesion differed dramatically between white and opaque budding cells of strain WO-1. White budding cells were more adhesive than opaque budding cells to buccal epithelium, but were less cohesive, probably as a result of increased surface hydrophobicity. On the other hand, white and opaque cells exhibited the same level of adhesion to plastic.
Drug Susceptibility Different strains of C. albicans exhibit different susceptibilities to the commonly used antifungal drugs, including the polyenes (6, 27), 5-fluorocytosine (97, 123) , and the azoles (46, 50, 92) . There are, no doubt, a number of ways in which C. albicans achieves drug resistance, including mutation (43, 47) and mitotic recombination (130) . High-frequency switching can now be added to this list of mechanisms. In a detailed study of a single recurrent vaginitis patient, it was demonstrated by DNA fingerprinting that the same strain was responsible for three sequential infections and that phenotypic switching occurred between episodes (113) . At (100) and the white-opaque transition (111) .
Antigenic Change
The switching systems of Trypanosoma spp., Neissena spp., Salmonella spp., and Borrelia spp. impact directly on cell surface antigenicity (9, 13, 17, 29, 38, 98, 125) , and it has been assumed that these surface changes occur, at least in part, to escape the immune system. There is ample evidence of antigenic change during the course of infection for some of these pathogens (9, 89) . Antigenic differences have been demonstrated between different strains of C. albicans, separating them into A and B serotypes (44) , and there has been mounting evidence that C. albicans might have the capacity to cycle through antigenic states during the course of an infection. Antigenic variability has been demonstrated in the white-opaque transition and involves expression of an opaque-specific surface antigen (1, 2, 4) . This antigenic switch does not appear to involve replacement of the opaque-specific antigen by an alternative white-specific antigen, as occurs in the replacement systems in other pathogens (9, 29, 38, 108) . The white-opaque transition is more analogous to the ON-OFF mechanism of type 1 fimbriae formation in E. coli (38 Fig. 10A , an example is presented of a primary clonal culture from the vaginal wall of a healthy asymptomatic woman. In this case, carriage was very high with no sign of morbidity. The commensal population was composed of 96% smooth white colonies and 4% irregular wrinkled colonies with a heavily myceliated halo (Fig. 10) . Cells from either phenotype switched to the alternative phenotype at relatively high frequency.
As previously noted in this review, in an analysis of a single recurrence in a patient, the colony morphology of the infecting strain changed in each of the two successive episodes (113) . However, an analysis of only one patient with recurrence precludes any conclusion concerning the extent of switching in recurrent infections.
SWITCHING AND ADAPTATION
In contrast to the antigenic switching systems functioning in B. hermsii (9), T. brucei (29) , N. gonorrhoeae (125) , and S. typhimurium (38) (114) . In this study, both Candida carriage and strain relatedness were assessed in 52 healthy women at 17 anatomical locations, using isolation procedures which assess carriage intensity (110, 116) and a computer-assisted DNA fingerprinting system which computes genetic similarity between isolates on the basis of the pattern of Southern blots probed with the moderately repetitive sequence Ca3 (96, 114) . Seventy-three percent of test individuals carried Candida spp. in at least one anatomical location, and 36% carried Candida spp. in more than one of three major anatomical locations: the oral cavity, the anorectal region, and the vulvovaginal region. In 7 of 11 test individuals in which Candida spp. were simultaneously isolated from the oral cavity and the vulvovaginal region, the pairs of isolates were genetically unrelated, and in the remaining four cases, the pairs were genetically similar but nonidentical. In marked contrast, nine pairs of isolates from the vulva and vaginal canal were identical, which was not surprising given the contiguity of the two regions. These results suggest that, in 7 of 11 cases, the disparate environments of the oral cavity and vaginal canal selected for unrelated vaginotropic and oral-tropic strains of Candida spp., respectively. However, in 4 of the 11 cases, the isolate pairs were genetically similar but not identical, suggesting that they had evolved from a single progenitor. Scherer 
